Abstract. Two-and three-component hydrograph separations based on 1 8 0 and dissolved silica are used to investigate the contributions of glacial till water to the storm runoff of a headwater stream on the Canadian Shield. Two-component isotopic hydrograph separations based on 1 8 0 indicate that the volume and flux of event water could be accounted for by direct precipitation onto saturated areas. Three-component hydrograph separations distinguish between event water, preevent soil water, and preevent till water. These results show that groundwater fl ow through coarse-textured glacial tills can make a significant contribution to stream discharge during runoff events (29 and 62% in this study) despite the lower hydraulic conductivities of the tills compared to the overlying soils. The three-component hydrograph separations also demonstrate that the relative contributions of preevent soil water and preevent till water changed during one runoff event such that the average water chemistry of the preevent component varied during the event. Two-component hydrograph separations using dissolved silica indicate that seasonal changes in the till water contributions also occur and are related to groundwater levels. Measurements of vertical hydraulic gradients during runoff events indicate that the increase in flow from the tills to the soils is minimal and cannot account for the large and rapid increase in till water flow into the stream. Till water that has discharged to the soils prior to the event is probably being flushed from the soils into the stream during events.
Introduction
Hydrograph separations based on chemical or isotopic mass balances of stream discharge are commonly used to determine the relative contributions of event (new) water and preevent (old) water as sources of streamfl ow during runoff events [Bottomley et al., 1984 [Bottomley et al., , 1986 Hooper and Shoemaker, 1986; Moore, 1989; Wels et al., 1991a] . Changes in the relative contributions of these waters are then used to infer changes in hydrological processes and fl ow paths during runoff generation [Sklash and Farvolden, 1979; Sklash et al., 1986; McDonnell et ai., 1991; Wels et ai., 1991b] . Hydrograph separations have been a common tool in studies of the hydrochemistry of forested catchments be cause knowledge of the sources and fl ow paths of water during runoff events aid in the development of conceptual and mathematical models of stream discharge and stream water chemistry [Christophersen et al., 1982; Gherini et aI., 1985] .
The results of hydrograph separations in humid forested catchments underlain by crystalline bedrock generally indi cate that old water (commonly assumed to be groundwater or a mixture of groundwater and soil water) comprises ap proximately 30% to nearly 100% of stream discharge during storms in low-order catchments [Fritz et aI., 1976; Sklash, 1986; Maute and Stein, 1990; Rodhe, 1981 Rodhe, , 1984 Copyright 1 994 by the American Geophysical Union.
Paper number 93WR03246. 0043-1 397/94/93WR-03246$05.00 1987; Bishop, 1991] . Despite the numerous similarities in the physical characteristics among many of these catchments, there appears to have been little attempt to relate hydro graph separation results to physical and hydrological factors.
Large variations in the hydrograph separation results be tween several events within a single catchment suggest that the wide range of hydrological conditions present in the catchments during these runoff events may be responsible for much of these variations. Since hydrograph separations measure the relative fl ilxes of new and old water to the stream, the results should be infl uenced by both precipita tion intensity and groundwater fl ux to the stream. Summa" rizing the results of 37 runoff events in 10 catchments, Rodhe [1987] showed that the average proportion of groundwater discharged during the events was negatively correlated to both the rate of water input to the catchments and to the maximum specifi c discharge of the streams. Few studies have used the results of hydrograph separations to investi gate the physical and hydrological factors that result in rapid old water fl ow to the stream during runoff events.
Several investigators have demonstrated the importance that groundwater levels have on runoff generation. Ground water levels infl uence the discharge of both the new and old water components of storm runoff. Rising groundwater levels result in the expansion of groundwater discharge areas that are impermeable to incident precipitation and cause both overland fl ow and return flow to the stream [Dunne et al., 1975] . Furthermore, numerical modeling by Sklash and Farvolden [1979] , and laboratory ann field experiments by [1988] have shown that rising groundwater levels adjacent to the stream can also result in increased hydraulic gradients and groundwater discharge into the streambed.
Much of the Northern hemisphere is covered by glacial till deposits. The presence of compacted layers and clay-sized particles can signifi cantly reduce the hydraulic conductivi ties of these tills. In shallow fl ow systems where tills are underlain by low-permeability bedrock, groundwater fl ow through these tills is frequently assumed to be negligible relative to fl ow through the overlying soils [Espeby, 1989; Likens et al., 1977] . However, the texture, mineralogy, and petrology of glacial tills are very variable both regionally and stratigraphically and frequently are related to the bedrock geology of the source rock [Karrow, 1979] . On the Canadian Shield, the texture of glacial tills generally has a small proportion of clay-sized sediment [Scott, 1979] and may consequently have hydraulic conductivities that are suffi ciently large to transmit a signifi cant proportion of the groundwater fl ow through these catchments. Such fl ow may also significantly infl uence stream chemistry, since the resi dence times of groundwater are likely to be greater in the tills than in the soils resulting in higher chemical concentrations in discharging till waters. The extreme spatial variability of the hydraulic properties of the tills greatly complicates the hydrometric monitoring of fl ow through these sediments and the interpretation of these results so that hydrograph sepa rations are a useful tool in examining the overall signifi cance of groundwater fl ow through the tills.
Hydrograph separations based on chemical and isotopic data are used in this paper with the purpose of examining the relative importance of groundwater discharge through soils and tills to a Canadian Shield stream during stormfl ow conditions. Three specific hypotheses are addressed. First, groundwater that has fl owed through glacial till (till water) is an important component of stream discharge during runoff events. Second, the proportion of till water discharging to the stream varies both seasonally and during storm events and is related to groundwater levels. Last, the use of hydrometric data can improve our interpretations of fl ow paths inferred from hydrograph separations.
Study Site
The study site is Harp 4-21, a small 3.7-ha headwater catchment located within the Harp Lake catchment in the Muskoka-Haliburton region of central Ontario (Figure 1 ).
Stream discharge from Harp 4-21 is perennial and accounts
for approximately 35% (1988-90) of the mean annual precip itation of lO33 mm (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (Ontario Ministry of the Environment (MOE), unpublished data, 1991). Approxi mately two thirds of the annual streamflow occilrs between March 1st and June 30th when groundwater levels are highest due to spring melt and rainstorms. A general descrip tion of the hydrogeology of the catchment is provided by Hinton et al. [1993] .
The catchment is underlain by metamorphic Canadian
Shield bedrock composed predominantly of amphibolite and schist [Jeffries and Snyder, 1983] . The overburden in Harp 4-21 forms an unconfined aquifer consisting of glacial tills overlain by Podzolic soils. The tills are relatively coarse consisting predominantly of sandy loams with 0-24% clay sized particles and substantial quantities of pebble to boulder size material (S. N. Dankevy, unpublished manuscript, 1989 ). The overburden is up to 15 m thick in the northwest ern upslope portion of the catchment and gradually thins to between 2 and 6 m beneath the stream .
A horizontally discontinuous layer of compact till (densipan) is often observed within or at the base of the soil profi le at depths ranging up to 1.2 m. This layer is most prominent in the upper half of the catchment. Compact tills are also found at greater depths (>2.5 m) in the upper catchment but there are insufficient data to determine the horizontal extent of these layers. The physicai and chemical characteristics of the soils in the Harp 4 catchment are summarized by Lozano et al. [1987] .
Methods
The monitoring network consists of 89 piezometers and fi ve stream sampling locations (Figure 1) . A more detailed description of instruments and sampling procedures is pro vided in the work by Hinton et al. [1993] . The glacial tills in mls. This range is typical for glacial tills and silty sands [Freeze and Cherry, 1979] Equations (5) and (6) Cnew SSF = Co•dSSF (OF is overland flow and SSF is subsurface flow) which simplifies (4) and (6) to (2) (using SiO2) and (1) (using deuterium), respectively.
Results and Discussion

Two-Component Hydrograph Separations Based on m O Two-component hydrograph separations using •O ((1)
and ( concentrations are used to estimate the minimum proportion of till water during events for which isotopic data is either Proportions were calculated from Si data using two-component hydrograph separations ( (1) procedure is analogous to using a three-component model with C n si =coS} so that the second term of (6) equals zero.
The minimum till water contributions at baseflow and near peak flow for 15 runoff events are listed in Table 3 . Till water contributes a significant proportion of discharge during several storms. Note that the values for the June 22 and October 31 events in Table 3 are extremely conservative relative to the three-component hydrograph separations in Table 2 . The relative importance of till water to stream discharge fluctuates according to groundwater levels ( Figure 9 ). When groundwater levels are high during and following spring melt It is important to determine whether the till water flow during events (Figures 3 and 4) increases as a result of (1) an increase in groundwater flow from the tills to the soils and then to the stream or (2) from the flushing of till water that has already discharged to the soils prior to the event. In the first case, the till water flow depends on the hydraulic response in the tills. In the second case, the till water flow depends on the hydraulic response in the soils, the previous flow conditions in the soils and the ability of the tills to recharge the soils. prior to discharging to the stream. Further work in other catchments is needed to characterize the physical and hydraulic properties necessary to result in substantial groundwater flow into softs from the underlying bedrock or till.
